Background and purpose -Backside wear of the polyethylene insert in total knee arthroplasty (TKA) can produce clinically signifi cant levels of polyethylene debris, which can lead to loosening of the tibial component. Loosening due to polyethylene debris could theoretically be reduced in tibial components of monoblock polyethylene design, as there is no backside wear. We investigated the effect of 2 different tibial component designs, monoblock and modular polyethylene, on migration of the tibial component in uncemented TKA.
Background and purpose -Backside wear of the polyethylene insert in total knee arthroplasty (TKA) can produce clinically signifi cant levels of polyethylene debris, which can lead to loosening of the tibial component. Loosening due to polyethylene debris could theoretically be reduced in tibial components of monoblock polyethylene design, as there is no backside wear. We investigated the effect of 2 different tibial component designs, monoblock and modular polyethylene, on migration of the tibial component in uncemented TKA.
Patients and methods -In this randomized study, 53 patients (mean age 61 years), 32 in the monoblock group and 33 in the modular group, were followed for 2 years. Radiostereometric analysis (RSA) was done postoperatively after weight bearing and after 3, 6, 12, and 24 months. The primary endpoint of the study was comparison of the tibial component migration (expressed as maximum total point motion (MTPM)) of the 2 different implant designs.
Results -We did not fi nd any statistically signifi cant difference in MTPM between the groups at 3 months (p = 0.2) or at 6 months (p = 0.1), but at 12 and 24 months of follow-up there was a signifi cant difference in MTPM of 0.36 mm (p = 0.02) and 0.42 mm (p = 0.02) between groups, with the highest amount of migration (1.0 mm) in the modular group. The difference in continuous migration (MTPM from 12 and 24 months) between the groups was 0.096 mm (p = 0.5), and when comparing MTPM from 3-24 months, the difference between the groups was 0.23 mm (p = 0.07).
Interpretation -In both study groups, we found the early migration pattern expected, with a relatively high initial amount of migration from operation to 3 months of follow-up, followed by stabilization of the implant with little migration thereafter. However, the modular implants had a statistically signifi cantly higher degree of migration compared to the monoblock. We believe that the greater stiffness of the modular implants was the main reason for the difference in migration, but an initial creep in the polyethylene metal-back locking mechanism of the modular group could also be a possible explanation for the observed difference in migration between the 2 study groups.
■
Aseptic loosening of tibial components in total knee arthroplasty (TKA) is still the most common reason for revision surgery (Lombardi et al. 2014 , Thiele et al. 2015 . Particle reaction induced by polyethylene debris can lead to periprosthetic osteolysis through an infl ammatory response and result in loosening of the implant (Peters et al. 1992 , Jacobs et al. 2001 , Noordin and Masri 2012 , Gallo et al. 2013a , 2013b . Backside wear of the polyethylene insert can produce clinically signifi cant levels of polyethylene debris (Peters et al. 1992 , Holleyman et al. 2015 . Loosening due to polyethylene debris could theoretically be reduced in tibial components of monoblock polyethylene design, as there is no backside wear. Revisions where only the polyethylene is changed make up only a small proportion of the total number of revisions, and high rates of subsequent revisions have been reported (Engh et al. 2000 , Babis et al. 2002 , Thiele et al. 2015 .
Radiostereometric analysis (RSA) is the best method for predicting aseptic loosening of artifi cial joints. The precision of the RSA method allows identifi cation of implants with a high degree of migration at an early stage and implants with continuous migration, both of which are predictors of later revision because of aseptic loosening (Karrholm 1989 , Ryd et al. 1995 , Pijls et al. 2012 .
The Swedish Knee Arthroplasty Register indicates that there is worse survivorship for the early designs of uncemented tibial components than for cemented tibial components (Knutson and Robertsson 2010), while other registries have found that uncemented tibial components to have similar revision rates and similar clinical outcomes to those of cemented components (Graves et al. 2004 ). There have been several RSA studies showing continuous migration of cemented tibial components (Karrholm 1989 , Nilsson et al. 1991 , 1999 . This is probably due to bone resorption in the bone-cement interface, so uncemented implants should not have this problem (Linder 1994) .
The aim of this prospective randomized study was to investigate the migration of uncemented tibial components with a tantalum trabecular metal surface (Nexgen; Zimmer, Warsaw, IN) in a population of young patients (< 70 years of age), comparing monoblock design and modular polyethylene design. The primary endpoint was comparison of migration expressed as maximum total point motion (MTPM) of the tibial component designs at each follow-up over a 24-month follow-up period. Calculation of sample size was based on MTPM as primary outcome. Secondary explanatory endpoints were segment motions (translations and rotations) in order to understand underlying directional migrations. To our knowledge, no other RSA studies comparing this difference in polyethylene design for uncemented TKAs have been published. Previously, however, the uncemented monoblock tibial components with trabecular metal surfaces have shown both good initial fi xation and very low long-term migration in RSA studies (Henricson et al. 2008 , Dunbar et al. 2009 , Wilson et al. 2012 ).
Patients and methods
Patients and implants 75 patients scheduled for TKA surgery with a cruciate retaining TKA because of osteoarthritis were included in a prospective randomized clinical trial with 2 years of follow-up. All the patients included were under 70 years of age at the time of the operation, and suffered no bone-related diseases other than osteoarthritis. The patients were randomized to receive either the monoblock or the modular polyethylene design version of the Cruciate Retaining Trabecular Metal Technology Nexgen tibial component (Zimmer, Warsaw, IN) (Figure 1) . The femoral components used in all patients were the cruciate retaining, uncemented titanium Nexgen Flex (Zimmer, Warsaw, IN) , and all patients had a cemented Nexgen all-poly patellar component (Zimmer). Inclusion was done during the period August 6, 2012 through April 25, 2013. All operations were performed by experienced knee surgeons at the Department of Orthopedics, Herlev Gentofte Hospital, Denmark. Randomization (block randomization with 12 in each block) was performed in the operating theater by opening a sealed envelope just before skin incision.
Of the 75 patients included in the study, 8 were excluded before randomization because: the patient withdrew his/her consent to participate in the study (n = 4), or surgery was not performed (n = 4). In 2 cases, the surgeon decided to cement the tibial component after randomization (n = 2) (Figure 2) . Thus, 65 patients (mean age 61 years; 37 women and 28 men) received the allocated intervention, with 32 in the monoblock group and 33 in the modular group (Table 1) . 12 additional patients were lost to follow-up at the fi nal 2-year follow-up data analysis, for different reasons (Figure 2) .
Conventional standing radiographs were taken pre-and postoperatively, to determine knee alignment and the degree of osteoarthritis. All patients were evaluated clinically regarding knee function using the Knee Society score (KSS) (Insall . 1989) , preoperatively and at 3, 6, 12, and 24 months. Furthermore, self-assessment of quality of life was evaluated using the EQ-VAS visual analog scale (Devlin et al. 2010) , preoperatively and at each follow-up.
Radiostereometric analysis
The RSA analyses were done using marker-based software (UmRSA v6.0; RSA Biomedical, Umeå, Sweden). Tantalum markers were inserted in the tibial host bone (0.8 mm) and in the polyethylene of the prosthesis (1 mm) during surgery, a method that has been repeatedly validated (Nilsson et al. 1991 , Ryd et al. 1995 , Nilsson et al. 1999 , Dunbar et al. 2009 , Wilson et al. 2012 . Markers were placed to create the largest possible non-linear segments. To ensure comparable MTPM and translational data in the 2 groups, the tantalum beads were placed in a corresponding pattern in both types of implants. 6 markers were placed systematically by the same person at all operations: 2 were placed posteriorly, 2 were placed at the most medial/lateral part of the polyethylene curve, and 2 markers were placed anteriorly.
Postoperative RSA was performed after a mean delay of 6 (range: 2-10) days in both the modular and monoblock groups, when a marker is removed.
In order to ensure the reliability of the migration results, the CN cutoff in this study was set to 130 and the ME cutoff was set to 0.300 mm, in accordance with the general guidelines for RSA (Valstar et al. 2005) . The migration data in this study are presented as MTPM and the segment motion is expressed as rotational and translational motion along and around the X-, Y-, and Z-axes. Translations were measured at a centroid polygon from the 6 markers placed systematically in the insert, and the number of markers was checked at each examination in order ensure that no markers were missing. The results of rotations and translations are presented as signed values.
Statistics and study hypothesis
This was a confi rmative trial, and the primary endpoints of the study were comparison of the migration (expressed as MTPM) of the 2 tibial component designs at each follow-up over the 24-month follow-up period. The calculation of sample size given below is based on MTPM (after 2 years) as primary outcome parameter. The segment motion data (translations and rotations) were considered to be secondary explanatory endpoints, which were included in order to understand underlying directional Excluded (n = 8): -withdrew consent to participate, 4 -lung cancer diagnosed preoperatively, 1 -heart attackpreoperatively, 1 -insufficient surgical equipent, 1 -no TKA performed at all, 1 Allocated to modular group (n = 34) Received allocated intervention (n = 33) Excluded (n = 1): -tibial component cemented, 1
Completed 2-year follow-up (n = 27) Lost to follow-up (n = 6): -insufficient marker, 1 -withdrew consent to participate, 2 -early deep infection, 1 -ligament injury (PCL), 1 -revision due to instability, 1 Modular group with complete 2-year data analysis (n = 27)
Monoblock group with complete 2-year data analysis (n = 26)
Completed 2-year follow-up (n = 26) Lost to follow-up (n = 6): -insufficient marker, 2 -withdrew consent to participate, 2 -periprosthetic femoral fracture, 1 -died from heart attack, 1
Allocated to monoblock group (n = 33) Received allocated intervention (n = 32) Excluded (n = 1): -tibial component cemented, 1
Enrollment Operation

Follow-up
Data analysis and then after 3, 6, 12, and 24 months. Patients were positioned in a standardized supine position, placing the knee to be investigated in a Plexiglass biplane calibration cage (Calibration cage 21; Tilly Medical Products, Lund, Sweden). The same physician positioned the patients at each examination. Ceiling-mounted moveable X-ray tubes were positioned perpendicular to each other in the anteriorposterior and medial-lateral planes at a distance of 100 cm from the X-ray fi lms, which were placed in portable cassettes. The radio intensity was set to 50 kV and 25 milliampere seconds (mAs) in all examinations. All radiographs (digital 9 pixels per mm) were approved by the same physician to ensure that the quality would suffi ce. The radiographic images were imported into UmRSA software using DICOM link version 3.0 software (RSA Biomedical, Umeå, Sweden), allowing a resolution of 254 dots per inch. The distribution of the markers in the rigid bodies is estimated by the software and is expressed as the condition number (CN), and the stability of the markers is expressed as the mean error (ME). A high CN indicates a narrow and linear distribution of markers whereas a low CN indicates good spatial and non-linear marker distribution. If a marker loosens between examinations, the 3D structure of the rigid body deforms, resulting in loss of precision in migration measurements and an increase in ME. UmRSA software therefore allows loose markers to be removed from a rigid body if the ME becomes too high, but this will increase the CN-as the spatial distribution of the markers is usually reduced migrations that resulted in the MTPM. We hypothesized that given the very low migration rate of the monoblock component, as seen in previous RSA studies (Henricson et al. 2008 , Dunbar et al. 2009 , Wilson et al. 2012 , we would fi nd less migration in the monoblock group than in the modular group.
The migration data (MTPM and segment motions) in both groups were not normally distributed. We used the Wilcoxon signed rank test for changes in migration over time within the groups, and the Mann-Whitney U-test for differences in migration between the groups. Clinical outcome data were also compared between the groups using the Mann-Whitney U-test.
We performed 49 double measurements to calculate the precision error for RSA measurements of migration in the study. The patients were asked to step off the bearing and to wait 10 minutes before the second set of radiographs were obtained (Valstar et al. 2005) . We calculated precision error as being 2 standard deviations (2 SD) from a series of theoretical migrations (translations and rotations along all 3 axes, and MTPM) obtained from the 49 pairs of double RSA radiographs.
Statistical analyses were done using SPSS Statistics version 21, and data are presented as mean values together with total range, standard error (SE; for graphical presentations only), or 95% confi dence interval (CI). Any p-values less than 0.05 were considered signifi cant.
Sample size
To calculate sample size, we used the average SD of MTPM after 2 years from a study by Toksvig-Larsen et al. (2000) that evaluated 4 different uncemented tibial components. Sample size was calculated to be 24 with an average SD of 0.7 mm, type-1 error of 5%, type-2 error of 15%, and a minimal relevant difference in MTPM of 0.6 mm. 2 groups of 30 subjects were planned to allow for dropouts during the follow-up period.
Ethics and registration
The study was approved by the Scientifi c Ethical Committee of Copenhagen (H-1-2012-033), and was conducted in accordance with the Helsinki Declaration. Informed consent was obtained from all study participants (after giving them written and oral information), prior to inclusion in the study. The study was approved by the Danish Data Protection Agency (ID 01766, GEH-2012-027) and it was registered at ClinicalTrials.gov (identifi er: NCT01637051) before starting.
Results
Clinical results
We performed a 2-year follow-up of 53 patients, with 26 in the monoblock group and 27 in the modular group (Figure 2) . The 2-year clinical outcome of the total population was refl ected by an increase in KSS from 29 (10-49) preoperatively to 90 (60-95) at the 24-month follow-up (p < 0.001), and by an increase in KSS function from 52 (30-80) to 92 (50-100) (p < 0.001). No statistically signifi cant differences between the 2 study groups, monoblock and modular, in clinical outcome (expressed as changes in KSS or KSS function) were found at any time during the follow-up (Table 2) . Self-assessed life quality improved from an average EQ-VAS score of 63 preoperatively to a 2-year average score of 89 (p < 0.001), but there was no statistically signifi cant difference between the groups (Table 2) .
RSA results
From 49 double measurements we calculated rotational and translational precision error (PE), expressed as 2 SD. For rotational segment motion, we found PE values of 0.16°, 0.24°, and 0.14° for X-, Y-, and Z-rotations, respectively. Translational segment motion PE values were 0.10 mm, 0.14 mm, and 0.16 mm for X-, Y-, and Z-translations, respectively. Precision error for MTPM was 0.16 mm. Mean error was 0.15 (SD 0.06) for the tibia and 0.07 (SD 0.04) for the implant. CN values were 56 (SD 26) and 30 (SD 17), respectively.
The MTPM results showed the highest average migration initially within the fi rst 3 months in both the modular group and the monoblock group reaching 0.85 mm and 0.58 mm, respectively (Table 3 and Figure 3) . Thereafter, the MTPM migration curves fl attened to reach 1.01 mm and 0.65 mm after 12 months, indicating stabilization of the implants. However, there was more migration in the modular group. The difference became statistically signifi cant at 12 months (p = 0.021) and at 24 months (p = 0.017), where the average MTPM was 1.15 mm in the modular group and 0.72 mm in the monoblock group (Table 3 and Figure 3) . The difference in continuous migration (MTPM from 12 and 24 months) between the groups was 0.096 mm (95% CI: −0.03 to 0.16) (p = 0.5), and when comparing MTPM from 3-24 months, the difference between the groups was 0.23 mm (CI: −0.09 to 0.35) (p = 0.07). There were 3 patients with a high degree of migration, defi ned as MTPM over 2 mm after 12 months. One of these (subject no. 72), with an extremely high migration of 4.5 mm MTPM at 24 months, belonged to the monoblock group, whereas the other 2 belonged to the modular group (Figure 4) . From 12 to 24 months, 11 subjects showed continuous migration of more than 0.2 mm. Only 1 of the initial 3 patients with high migration was among these subjects (subject no. 72), while the MTPM of the other 2 was below 0.2 mm from 12 to 24 months.
We found the greatest amount of translational migration along the superior-inferior axis (Y-translation). The modular group had an average amount of translation of −0.38 mm after 24 months, which was more than the average of −0.18 mm in the monoblock group (p = 0.03). The negative values indicate a subsidence of the implant in the tibial bone ( Figure 5 and Table  3 ). Both implants also migrated in a posterior direction along the Z-axis (Z-translation). Again, the largest amount of migration was found in the modular group, with migration on average 0.33 mm posteriorly, but the difference between the groups was not statistically signifi cant (p = 0.07) ( Figure 5 and Table  3 ). There was almost no translational migration of the implants along the lateral-medial axis (X-translation) ( Figure 5 ). We found the greatest amount of rotational migration around the X-axis (anterior-posterior rotation). The modular implants rotated on average −0.92° around the X-axis during the fi rst 24 months, the negative value indicating a 0.92° posterior tilt (Figure 4) . Posterior tilt was also the most pronounced rotational migration in the monoblock group, which rotated −0.53° on average around the X-axis ( Figure 5 and Table 3 ). There was less rotational migration around the Y-axis (external-internal rotation) after 24 months. The monoblock group had an average amount of rotation of −0.25° and the modular group rotated on average −0.16° around the Y-axis, the negative value indicating an internal rotation in both groups ( Figure 5 and Table 3 ). There was almost no rotational migration around the Z-axis (varus-valgus tilt) ( Figure 5 and Table  3 ). None of the differences in rotational migration between the groups were statistically signifi cant.
Discussion
We found a statistically signifi cant difference between the groups after 24 months regarding MTPM and subsidence, with the monoblock tibial component being the most stable implant. In both groups, we found that subsidence and posterior tilt were the most pronounced migratory movements of the implants. When comparing the continuous migration from 3-24 months and 12-24 months, the difference between the groups was not statistically signifi cant-indicating that most of the difference between the 2 types of implants occurred within the fi rst 3 months postoperatively. Thus, the migration beyond the fi rst year, which has traditionally been considered to be the most clinically relevant for prediction of later aseptic loosening (Ryd et al. 1995) , was not found to be statistically different in the 2 study groups.
There is no obvious explanation for the higher degree of migration in the modular group. The groups were comparable regarding preoperative age, sex, and BMI. The difference between the groups was not due to extreme outliers, as the study only had 1 extreme outlier (subject no. 72; Figure 4) , which belonged to the monoblock group. Exclusion of subject no. 72 from the data set only enhanced the difference between the groups. Subject no. 72 suffered from long-term and ongoing alcohol abuse, which was unknown to the researchers at the time of inclusion.
We were not surprised to fi nd that the monoblock component had a stable migration pattern with extremely low migration-almost like cemented implants, because this has been shown in previous RSA studies (Dunbar et al. 2009, Stilling X-translation [mm] Time [months] et al. 2011). Furthermore, recently published long-term follow-ups performed in these studies have shown that the stable migratory pattern of the monoblock tibial component continues beyond 2 years (Wilson et al. 2012 , Henricson et al. 2013 .
Since the bone ingrowth surfaces of both types of implants in the present study are similar, both with tantalum trabecular metal, we speculate that the difference between the groups might lie in the mechanical properties of the implants. The modular component has a titanium plate molded on the top of the trabecular metal constituting the locking mechanism, which allows the modularity of the polyethylene. As a consequence, the modular component is stiffer than the monoblock component. The trabecular metal backbone of the monoblock component has a low modulus of elasticity approximating the mechanical properties of the cancellous tibial host bone. The clinical importance of the low stiffness is better load sharing properties for the monoblock component than for the modular component. Also, the thickness of the polyethylene could affect the stiffness of the components. The polyethylene of Nexgen tibial components ranges from 10 mm to 17 mm, and the average polyethylene thickness of the components inserted in the monoblock and modular groups was 11.9 mm and 12.1 mm, respectively, with a very similar distribution, so this difference does not appear to affect the stiffness of the components. Both implants have 2 large hexagonal pegs, which are press-fi tted into round holes in the tibia in order to enhance the initial fi xation of the implant. The modular component has an additional short, rounded boss to facilitate screw fi xation of the 17-mm polyethylene (Figure 1 ). We fi nd it unlikely that this difference in design would explain the difference in migration between the groups. If the additional peg in the modular group affected the migration, it would theoretically improve the Y-rotation stability, but we found no statistically signifi cant difference in Y-rotation between the groups.
The monoblock component's reduced backside wear gives another possible explanation for the difference between the groups, as a reduction in polyethylene debris reduces the risk of aseptic loosening (Peters et al. 1992 , Jacobs et al. 2001 , Gallo et al. 2013b ). However, we would only expect to fi nd the effect of osteolysis and loosening due to polyethylene debris at long-term follow-ups, when polyethylene wear is more pronounced-as shown in previous studies (Peters et al. 1992 , Feng et al. 1994 , Wasielewski et al. 1994 , O'Rourke et al. 2002 , Dalling et al. 2015 . Apart from backside wear, the amount of polyethylene debris also depends on factors such as patient weight, physical activity, and pre-and postoperative knee alignment (Gallo et al. 2013b ), but our groups were also comparable regarding these parameters (Tables 1 and 2 ).
The marker-based RSA technique requires tantalum beads to be inserted into the polyethylene of the tibial components in order to create the implant segment. The method is wellestablished and has been used in several previous RSA studies, including studies of modular tibial implants (Ryd 1986 , Albrektsson et al. 1990 , Toksvig-Larsen et al. 1998 , Adalberth et al. 2000 , Toksvig-Larsen et al. 2000 , Catani et al. 2004 , Hyldahl et al. 2005 , Hilding and Aspenberg 2006 , Hansson et al. 2008 , Henricson et al. 2008 . However, theoretically the difference in MTPM between the groups could be due to movements between the metal and the polyethylene in the locking mechanism of the modular component. There is no way to discriminate such movement from implant migration, when the markers are placed in the polyethylene. When comparing the continuous migration from 3-24 months and 12-24 months, the difference between the groups was not statistically signifi cant, indicating that most of the difference happened within the fi rst 3 months. This initial difference could indicate an early creep in the polyethylene metal-back locking mechanism as the polyethylene settles in as a result of weight bearing. This creep in the locking mechanism could also explain the difference in MTPM between the groups, as most of it occurs within the fi rst 3 months. However, we did not fi nd any increase in ME for the polyethylene segment during the follow-up period, indicating that such initial creep did not result in any major deformation of the polyethylene. Over time, the backside wear in the modular group could become a relevant factor, resulting in higher MTPM in the modular group-a difference that would also be interpreted as implant migration using marker-based RSA technique (Peters et al. 1992 , Feng et al. 1994 , Wasielewski et al. 1994 , O'Rourke et al. 2002 , Dalling et al. 2015 .
In conclusion, both of the uncemented components in this study showed the expected migration patterns of uncemented tibial components with relatively high initial migration during the fi rst 3 months, followed by gradual stabilization, and good stabilization between the 12-and 24-month follow-up. The monoblock component did particularly well with lower migration, even though this group contained the only subject with a high degree of migration. However, the clinically most important parameter, MTPM beyond 12 months, was not statistically different in the 2 groups. Previous RSA studies have found similar stable migration patterns for the monoblock component (Stilling et al. 2011 , Wilson et al. 2012 , Henricson et al. 2013 ), and we suggest that this difference should be attributed to the different mechanical properties of the implants, as the monoblock component is more fl exible-which improves load sharing and weight distribution in the tibial bone. Alternatively, the difference between the groups could be attributed to initial creep in the polyethylene metal-back locking mechanism of the modular group.
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